Peristaltic waves of the ureteric smooth muscles move urine down from the kidney, a process that is commonly defective in congenital diseases. To study the mechanisms that control the initiation and direction of contractions, we used video microscopy and optical mapping techniques and found that electrical and contractile waves began in a region where the renal pelvis joined the connective tissue core of the kidney. Separation of this pelvis-kidney junction from more distal urinary tract segments prevented downstream peristalsis, indicating that it housed the trigger for peristalsis. Moreover, cells in the pelvis-kidney junction were found to express isoform 3 of the hyperpolarization-activated cation on channel family known to be required for initiating electrical activity in the brain and heart. Immunocytochemical and real-time PCR analyses found that hyperpolarizationactivated cation-3 is expressed at the pelvis-kidney junction where electrical excitation and contractile waves originate. Inhibition of this channel caused a loss of electrical activity at the pelvis-kidney junction and randomized the origin of electrical activity in the urinary tract, thus markedly perturbing contractions. Collectively, our study demonstrates that hyperpolarization-activated cation-3 channels play a fundamental role in coordinating proximal-to-distal peristalsis of the upper urinary tract. This provides insight into the genetic causes of common inherited urinary tract disorders such as reflux and obstruction. The excretory and regulatory functions of the kidney are dependent on filtration of blood at the glomerulus; reabsorption of solutes and fluids required for homeostasis by the renal tubules; and the movement of excess fluids, solutes, and metabolic wastes into the bladder for storage prior to excretion. 1, 2 This latter process, the transport of urine from the kidney to the bladder, is controlled, in large part, by coordinated contractions of the smooth-muscle coat investing the renal pelvis and ureter. 3 Congenital defects in this peristaltic process are common and can cause a wide spectrum of pathologies ranging from obstruction and permanent, pressure-induced renal damage to more subtle conditions such as persistent infection due to reflux of urine from the bladder back into the kidney. [4] [5] [6] [7] Despite the high incidence of acquired and congenital defects that impair upper urinary tract peristalsis, the molecular mechanisms that control the initiation site and unidirectional nature of this process remain poorly understood.
In animals with uni-papillary kidneys, such as the mouse, the smooth-muscle coat investing the upper urinary tract begins where the renal pelvis joins the connective tissue core of the kidney ( Figure 1 ). 8 It is extremely thin at this site, the pelvis-kidney junction (PKJ), but gradually thickens toward the ureteral-pelvic junction. Although cells along the entire length of the smooth-muscle coat surrounding the renal pelvis and ureter are excitable, under normal conditions contractions always initiate at the PKJ and move distally, in a coordinated, wave-like manner, down the ureter. These coordinated contractile waves are myogenic, occurring in the absence of nervous input, and current hypotheses predict that they are triggered by a specialized cell population at the PKJ. [9] [10] [11] Specifically, large numbers of atypical smoothmuscle cells are found at the PKJ adjacent to the smooth muscle and when isolated, they exhibit spontaneous depolarizations that are greater in frequency than the pelvic smoothmuscle cells. Moreover, atypical smooth-muscle-cell depolarizations precede contractile activity in tissue strips taken from the wall of the renal pelvis. Thus, it is likely that presence of spontaneous electrical activity at the PKJ localizes the origin of upper urinary tract peristalsis and coordinates downstream contractile activity. However, the molecular mechanisms underlying spontaneous depolarizations at the PKJ have yet to be established and a definitive relationship between this electrical activity and peristalsis remains unclear.
We used a candidate gene approach to identify ion channels that play a role in initiating urinary tract peristalsis at the PKJ. Specifically, we hypothesized that spontaneous membrane depolarizations observed at the PKJ may be controlled, in part, by members of the hyperpolarizationactivated cation (HCN) ion channel family. HCN channels have been shown to be required for spontaneous membrane depolarizations exhibited by pacemaker cells of the heart and for spontaneous depolarizations that underlie autorhythmic electrical activity in the brain. [12] [13] [14] [15] [16] To test this hypothesis we devised a novel explant system to analyze contractile and electrical activity in the murine urinary tract from the PKJ through to the distal ureter. Reverse transcription-PCR (RT-PCR) and immunohistochemical techniques were used to identify HCN-family members expressed in the urinary tract and strikingly, a high level of HCN3 expression was observed at the PKJ. Most importantly, inhibition of HCN channel activity disrupted coordinated, proximal-to-distal contractions of the upper urinary tract smooth-muscle coat, causing it to twitch along its entire length. Optical mapping experiments showed that HCN channel inhibition caused a loss of electrical activity at the PKJ and randomized the site where spontaneous membrane depolarizations initiate along the urinary tract. Thus, we have shown, for the first time, that inhibition of HCN channel activity results in loss of electrical activity at the PKJ, and perturbs both the origin and propagation of peristaltic waves along the upper urinary tract. In addition, these results provide new insight into possible genetic causes of urine reflux and abnormal ureteral peristalsis.
RESULTS
Unidirectional waves of contractile and electrical activity initiate at the PKJ We devised an explant system to directly and continuously analyze waves of contractile and electrical activity from the PKJ through to the distal ureter. Briefly, ureters with adjoining kidneys were isolated from adult male mice and the PKJ and renal pelvis were exposed by bisecting the kidneys along their sagittal plane (Figure 2b and c). Direct video-microscopic examination of explants prepared in this manner showed that contractile waves always initiated at the PKJ and then moved distally through the renal pelvis and then down the ureter (n ¼ 25) (Figure 2d and e, and Supplementary Movie S1). Contractile waves occurred 4-9 times/min in the explanted urinary tracts, similar to frequencies reported in vivo. 17 To analyze electrical activity in explants, changes in membrane potential were detected using the voltage-sensitive dye RH237. 18 Explants were loaded with the dye and changes in the intensity of fluorescence signals across the upper urinary tract were recorded over time. Results of these studies showed that spontaneous electrical excitation initiates at the PKJ and propagates distally in a coordinated wave-like manner (n ¼ 15) (Figure 3) . Collectively, these video-microscopic and optical mapping data demonstrate that both electrical and contractile activity initiate at the PKJ.
Proximal urinary tract tissues containing the PKJ are required for peristalsis
We next asked whether the PKJ was required to initiate contractile waves that propagate distally down the renal pelvis and the ureter. Urinary tract explants were prepared as described above and then further dissected to sequentially remove portions of the urinary tract as shown in Figure 4 (n ¼ 4). Initial dissections removed major portions of the kidney, including the papilla and the outer regions of the cortex and medulla (Figure 4a , illustration; Figure 4a , representative sample; Supplementary Movie S2). Real-time video microscopy of these explants showed that the upper urinary tract continued to contract in a proximal-to-distal wave, initiating at the PKJ (n ¼ 4) (Figure 4d-f) . These data showed that kidney tissues, including cortex, medulla, and renal papillae, were not required for initiating peristalsis.
To test whether the PKJ was required for triggering the observed proximal-to-distal contractions, we separated the Blood is filtered in the kidney by the glomeruli and plasma ultrafiltrate is modified as it passes through the tubular nephron segments and collecting ducts located in the cortical (c) and medullary (m) zones of the organ. The collecting ducts coalesce into several large ducts in the papilla (pa), and urine flows from these ducts into the renal pelvis (p). The renal pelvis, a funnel shaped structure between the renal tubules and the ureter (u), joins the connective tissue core of the kidney at the pelvis-kidney junction (pkj). Both the renal pelvis and the ureter have a water impermeable epithelium and smooth muscle coat, which thickens at the ureter-pelvis junction (upj) and functions to carry urine, in relatively unmodified form, from the kidney to the bladder.
PKJ and the proximal renal pelvis from the more distal regions of the urinary tract (Figure 4g , illustration; Figure 4h , representative sample; Supplementary Movie S3). Real-time video microscopy showed that the proximal renal pelvis still connected to the PKJ continued contracting in a coordinated manner, initiating at the PKJ ( Figure 4j ) and propagating distally ( Figure 4k ). In contrast, when separated from the PKJ, distal urinary tract segments lost coordinated contraction and remained motionless ( Figure  4i -l). Thus, these data show that the proximal region of the urinary tract containing the PKJ is required for driving peristalsis.
HCN 3 is highly expressed at the PKJ
Collectively, the tissue separation experiments described above combined with our video-microscopic and optical mapping analyses suggest that spontaneous electrical activity observed at the PKJ initiates upper urinary tract peristalsis. To further test this hypothesis we used a candidate gene approach to characterize the molecular mechanisms underlying spontaneous depolarizations observed at the PKJ. Specifically, we tested whether members of the HCN channel family, which are required for initiating cardiac contractions and rhythmic electrical activity in the brain, play a role in initiating urinary tract peristalsis. [12] [13] [14] [15] [16] We first determined whether mRNAs encoding HCNfamily members were expressed at the PKJ. The proximalmost region of the upper urinary tract (Figure 5a , schematic illustration) containing the PKJ was isolated from other kidney tissue and RT-PCR analysis was performed for HCN1-4 ( Figure 5b ). Abundant levels of HCN3 and low levels of HCN2 mRNAs were detected in the proximal urinary tract. Control experiments assaying brain tissue showed expression of all four HCN channel isoforms ( Figure  5c ), as previously reported. 19 HCN2 expression has been localized to the inner medullary collecting ducts, 20 and to spatially localize HCN3 protein expression we performed chromogenic immunohistochemistry using 80-mm-thick urinary tract sections. HCN3 was highly expressed in the upper urinary tract at the PKJ and in the renal papilla (Figure 5d and e). Paraffin sections of tissues processed for immunohistochemical detection of HCN3 (Figure 5f ) showed that HCN3 expression was localized to cells residing within the connective tissue coat investing the renal pelvis. To further define the cell population expressing HCN3 we performed double immunofluorescence for the detection of smoothmuscle actin and HCN3 (Figure 5g-i) using 12-mm-frozen sections. As observed by chromogenic techniques, HCN3 expression was detected at the PKJ (Figure 5g ) within the connective tissue layer of the urinary tract, and now could be localized to a cell population sub-adjacent to the smoothmuscle actin-positive (Figure 5h ) smooth-muscle coat of the urinary tract (Figure 5i, overlay) . Importantly, detection of smooth-muscle actin alone (Figure 5j and l) showed that green autofluorescence (Figure 5j ) was observed in the renal tubules, but not the connective surrounding the renal pelvis. Thus, a cell population at the PKJ that underlies the most proximal tip of the smooth-muscle coat expresses high level of HCN ion channels. Collectively, these morphological data combined with the known function of HCN channels in other systems, raise the possibility that HCN ion channel activity may trigger peristalsis at the PKJ.
HCN channel activity is required for coordinated upper urinary tract peristalsis
To determine whether HCN channel activity is required for upper urinary tract peristalsis, we used the well-characterized HCN ion channel inhibitor, ZD7288. Both video-microscopic and optical mapping analyses were performed using urinary and ureter (u). At higher power (c), the pelvis-kidney junction (pkj) can be seen. Bisected kidneys were analyzed by real-time video microscopy and contractile activity was recorded (d-g). Peristaltic waves occurred 4-9 times/min and always initiated at the pkj (e, arrow). As can be seen in f, contractions move distally (arrow) toward the ureteral-pelvic junction and then down the ureter (arrow, g). Portions of the upper urinary tract were dissected away from the ureter to determine the minimum tissue required for peristalsis. The initial cuts (a, schematic illustration; b, representative sample) removed the outer cortex, majority of the medulla, and the papilla. The remaining renal pelvis and ureter tissue continued to contract in a coordinated proximal-to-distal direction 4-9 times/ min (c-f). Contractions initiated at the pelvic-kidney junction (d) and moved distally down the renal pelvis and ureter (e and f).
To further localize the tissues driving peristalsis, the pelvic-kidney junction was separated from the more distal regions of the pelvis (g, schematic illustration; h, representative sample). The tissue containing the pkj continued to contract (i-l), initiating at the pkj (j) and moving distally (k). In contrast, distal segments separated from the PKJ lost coordinated contractile activity and remained motionless. These data were used to generate an isochronal map of electrical activity over time (f). In the isochronal map shown in f, time is represented by color and ranges from red, demarking the initial site of electrical activity, to blue, demarking the last electrically active site recorded. As can be seen in the captured still images (a-e), the most proximal zone of the renal pelvis, including the PKJ, was first to depolarize (red). Sequential electrical activity (yellow to blue) was then observed moving distally in a coordinated wave-like fashion down the renal pelvis and the ureter.
observed (data not shown). Strikingly, at 30 mM ZD7288 (n ¼ 8) coordinated, proximal-to-distal contractions of the urinary tract musculature were lost. Instead, rapid, twitchlike contractile activity was observed, which was difficult to capture in time-lapse still images (Figure 6e-h To determine if HCN channels play a role in urinary tract peristalsis HCN mRNA (a-c) and protein (d-l) expression levels were analyzed. For mRNA expression analyses, the proximal region of the upper urinary tract was isolated (a, schematic illustration) and RT-PCR from total RNA was performed (b). Abundant levels of HCN isoform 3 (HCN3) mRNA and faint levels of isoform 2 (HCN2) were detected in urinary tract tissue samples (b), whereas all four HCN isoforms (HCN1-4) were detected in control brain tissue (c). Chromagenic immunohistochemistry on 80 mM thick vibratome sections (d and e) show that HCN3-expressing cells (purple reaction product) were localized to the pelvis-kidney junction (pkj), which is adjacent to the renal artery (ra). HCN3 expression is also detected in the tubular epithelia of the renal papilla (pa). Examination of paraffin sections prepared from vibratome samples processed for immunohistochemical detection of HCN3 antibody binding (f) demonstrate that HCN3-expressing cells are underneath the surface of the renal pelvis (p) and exhibit a spindle-shaped morphology. The purple precipitate indicative of HCN antibody binding was not detected in control tissue sections incubated with secondary antibody reagents in the absence of primary antibody (data not shown). To further characterize the HCN3-positive cell population present at the PKJ, indirect immunofluorescence microscopy was used to detect HCN3-expressing cells and smooth muscle in the same tissue section (g-i). HCN3 antibody binding was visualized with alexa-488 conjugated secondary antibodies (g and i) and smooth muscle was labeled with cy3-anti-smooth muscle actin (SMA, h and i).
As can be seen in g, HCN3 staining (green) was detected in a cell population at the pkj in close proximity to the renal artery (ra). Smooth muscle actin staining (h, red) and overlay (i) of both HCN3 (green) and SMA (red) antibody binding demonstrate that these HCN3-expressing cells at the PKJ are located underneath the SMA-positive smooth muscle layer that invests the renal pelvis. Examination of control sections incubated with Alexa-488 secondary antibody alone (j), cy3-anti-SMA alone (k), or overlay of both (l) demonstrate that the renal artery and renal tubules exhibit non-specific staining (j and l). Scale bar ¼ 100 mm.
waves of electrical activity that initiated at the PKJ in control explants were replaced by a random and asynchronized excitation pattern in 30 mM ZD7288-treated explants. Thus, at 30 mM concentration of inhibitor, both electrical and contractile activity at the PKJ is replaced by randomized activity along the urinary tract, resulting in abnormal peristalsis. In contrast to 30 mM ZD7288, we were unable to detect either electrical or contractile activity at much higher concentration (90 mM, data not shown). Collectively these functional analyses indicate that both contractile and electrical activities of the upper urinary tract musculature are sensitive to HCN channel inhibition, in a dose-dependent manner. These data combined with those from HCN3 expression analyses of the urinary tract indicate that spontaneous depolarizations mediated by HCN ion channels at the PKJ play a fundamental role in driving coordinated, proximal-to-distal contractions of the upper urinary tract.
DISCUSSION
In this study we devised methods to assay contractile and electrical activities characterizing upper urinary tract peristalsis in mouse. Our data show that proximal-to-distal electrical and contractile activity initiate at the junction between the renal pelvis and the connective tissue core of the kidney, the PKJ. These results are in agreement with those of previous studies analyzing electrical activity and smoothmuscle contractions of the upper urinary tract. [21] [22] [23] [24] [25] Most importantly, our work begins to elucidate the molecular mechanisms underlying spontaneous electrical activity at the PKJ, and establish a definitive relationship between this activity and coordinated peristalsis. We hypothesized that spontaneous membrane depolarizations localized to the PKJ were mediated, in part, by members of the HCN ion channel family. Members of this cation-selective ion channel family are required for spontaneous electrical activity in the brain and heart. All four HCN isoforms (HCN1-4) are expressed in the brain, and HCN channel activity has been shown to be required for spontaneous depolarization in neurons. [26] [27] [28] In the heart, HCN2 and HCN4 have been shown to be required for spontaneous electrical activity of the cardiac pacemaker cells of the sinaotrial node.
14,15 RT-PCR analyses described in this report demonstrate that high levels of HCN3 and barely detectable levels of HCN2 are expressed in the proximal region of the upper urinary tract. Immunohistochemical studies showed that HCN2 expression is restricted to the renal tubules, 20 whereas we show that HCN3 expression is localized to the connective tissue layer underlying the smooth-muscle coat at the PKJ. Consistent with this HCN expression pattern, inhibition of HCN channel activity caused loss of spontaneous electrical activity at the PKJ, desynchronized the electrical propagation in the upper urinary tract, and caused abnormal peristalsis. Perturbation of electrical activity and peristalsis of the upper urinary tract with ZD7288 occurred in a dosedependent manner. ZD7288 is the most widely used and best characterized HCN channel blocker. Inhibition of HCN channel activity by ZD7288 has been used in the nervous system to alleviate neuropathic pain via reversal of ectopic spontaneous depolarizations of neurons, [29] [30] [31] [32] and in the heart as a bradycardiac agent to slow down abnormally fast heart rates via inhibition of spontaneous activity of the sinoatrial node.
33-36 Importantly, we observed inhibition of electrical activity at the PKJ at a concentration of ZD7288 just below the IC 50 documented for HEK239 kidney cell line transfected with HCN channel constructs. At much higher concentrations of ZD7288 all electrical activity was abolished, indicating requirement of ion channel inhibition for more fundamental aspects of smooth-muscle physiology. [37] [38] [39] [40] Collectively, these drug titration studies combined with HCN expression analyses strongly support the hypothesis that HCN channel activity plays a specialized role in coordinating upper urinary tract peristalsis.
Our finding that HCN channel activity is necessary for proximal-to-distal upper urinary tract peristalsis agrees with published studies implicating HCN channels in coordinating essential physiological processes. In the brain, sensory thalamic neurons spontaneously depolarize after initial afferent excitatory inputs, and deletion of their HCN channel activity (HCN2-KO) disrupts spontaneous depolarizations, altering the firing behavior of the neurons in a physiologically similar manner to epilepsy. 41 In the heart, spontaneous electrical activity of sinoatrial node cells are responsible for maintaining coordinated heartbeat, and HCN channel deletion in these cells (HCN2-KO and HCN4-KO) causes cardiac arrhythmia. [41] [42] [43] In fact, comparisons between spontaneous electrical activity of the heart and upper urinary tract have been drawn by others, based on similarities in electrical activity, including electromyograms recorded from pacemaker cells at the sinoatrial node and PKJ. 22, 23, 44 Our work shows for the first time that these similarities are likely to be due to the role of HCN ion channels in initiating spontaneous depolarizations in both systems.
The spatial distribution and cellular characteristics of the HCN-expressing cells described in this work are similar to those described for atypical smooth-muscle cells thought to be pacemakers of the upper urinary tract. [45] [46] [47] [48] Spatially, both cell populations are localized to the most proximal regions of the urinary tract, the PKJ, and are found within the connective tissue underlying the smooth-muscle-cell layer of the urinary tract. Furthermore, both cell types have low smooth-muscle actin immunostaining as compared with that of the adjacent smooth-muscle-cell population, indicative of few contractile filaments. Currently, the nature of spontaneous activity detected in atypical smooth-muscle cells is unknown, and our data suggest that HCN channel activity maybe the underlying mechanism. Further characterization of both atypical and HCN-positive cell types in the upper urinary tract will determine whether they are in fact the same cell population. 47 Alternatively, it is possible that HCN channel activity indirectly triggers smooth-muscle contractions at the PKJ. For example, HCN channel activity may be important for release of prostaglandins that support urinary tract peristalsis.
In conclusion, the data presented in this study raise the possibility that HCN channel mutations that disrupt spontaneous depolarizations at the PKJ may perturb upper urinary tract peristalsis and cause hydronephrosis. Hydronephrosis, or pressure-induced enlargement of the renal pelvis, is detected in up to 1% of fetuses by routine ultrasound and is a leading cause of renal failure in the pediatric population. 49 Genetic studies using the mouse indicate that hydronephrosis can be caused by several different mechanisms. For example, uroplakin mutations can cause hydronephrosis due to obliteration of the ureteral lumen by overgrowth of the urothelium. 50, 51 Mutations in AQP2, the ADH-sensitive water channel, causes hydronephrosis due to the sheer volume of fluids that must be excreted in the absence of water reabsorption by the collecting duct system. 52 Finally, mice with defects in the formation and/or organization of the ureteral smooth-muscle coat develop hydronephrosis due to absence of contractile forces that propel urine from the kidney to the bladder. [53] [54] [55] [56] Although these mouse mutants prove that physical barriers to urine flow and defective ureteral smooth-muscle differentiation can cause hydronephrosis, this condition often occurs in the absence of any physical barrier or obvious defects in the ureteral smooth-muscle coat. Studies analyzing the physiology of mice harboring HCN3 mutations and/or defects in the HCNexpressing cell types at the PKJ may reveal a possible cause for such functional urinary tract obstructions and provide novel diagnostic tools for identifying fetuses at risk for renal damage due to impaired urine flow out of the kidney.
MATERIALS AND METHODS Animals
All mice were housed at the Weill Medical College of Cornell University Animal Facility and treated according to the Research Animal Resource Center Guidelines. Adult and postnatal mouse pups were purchased from Taconic Farms (Germantown, NY, USA).
Kidney explants
Kidneys were isolated from adult, 5-week-old mice and were placed in Tyrodes Solution containing sodium bicarbonate (Sigma, St Louis, MO, USA) and cut using a no. 22 surgical blade (Bard-Parker, Franklin Lakes, NJ, USA) to expose the junction between the pelvis and the renal parenchyma. Kidneys were bisected by cutting longitudinally alongside the renal papillae and urinary tract.
Explants containing approximately half the renal cortex and medulla, but the entire papilla, pelvis, and ureter were transferred onto 24-mm Costar Transwell Permeable Supports (0.4 mm polycarbonate membrane) (Corning, Corning, NY, USA) and placed into six-well tissue culture plates (Costar) containing 1.5 ml Tyrodes Solution per well, and 800 ml of Tyrodes Solution were added directly on top of the kidney. Plates were then placed on top of a rocking nutrator housed inside a 5% CO 2 incubator, allowing a bathing solution of Tyrodes to pass over the kidney explant without completely submerging it. A ZD7288 (Tocris Bioscience, Ellisville, MI, USA) stock solution of 100 mM in phosphate-buffered saline (PBS) was stored at À20 1C diluted one-half with Hybri-Max dimethylsulfoxide (Sigma) and brought to final concentrations, as noted, in Tyrodes (dimethylsulfoxide was maintained below 0.2% at all times.) The inhibitor and control solutions with the vehicle alone were added directly on top of explants and changed every half hour for a total of 2 h.
Optical mapping
Propagation of cellular excitation and activation sequences of kidney explants were determined by optical mapping techniques in a manner similar as previously described. 57, 58 In short, kidney explants were stained with the voltage-sensitive dye RH237 (50 mM in Tyrodes) for 10 min in a 5% CO 2 incubator. Spread of excitation throughout the urinary tract was monitored by changes in fluorescence signals of RH237 using a Cardioplex 80 Â 80 pixel CCD mounted on a MacroScope-2a system (Redshirt Imaging, Boston, MA, USA) at an acquisition speed of 125 Hz for 9600 ms. The excitation light (528 nm) was provided by a filtered tungsten halogen light source and long-pass-filtered (4650 nm; Chroma Technology, Rockingham, VT, USA) before being imaged by the camera. Cytochalasin-D was used at 75 mM to inhibit muscular contractions since optical mapping cannot be performed using moving tissues. Data were acquired using the Redshirt Cardioplex software and analyzed by custom-written software.
RT-PCR
Total RNA isolated from adult brain and upper urinary tracts with the adjoining kidney tissue was extracted according to the TRIzol (Invitrogen, Carlsbad, CA, USA) reagent protocol, treated with DNase-I (Roche, Indianapolis, IN, USA), and converted to cDNA using the SuperScript cDNA Synthesis system (Invitrogen). cDNA was amplified by PCR using the following primers: HCN1, 5 0 CCCTCAGTCCTAAATACAGACC3 0 (forward) and 5 0 GGAGCGT GTTCCTTCACCT3 0 (reverse); HCN2, 5 0 CCGTCATCCACACCA-A AGC3 0 (forward) and 5 0 GGCTGGTTATTGCGTGAGC (reverse); HCN3, 5 0 CCTAACATAC-TGCCCTTTATCACC3 0 (forward) and 5 0 GTGGATTCTCACTTGGTGTGGAC3 0 (reverse); HCN4, 5 0 CCAA GAACTTTCCCGAGTGCC (forward) and 5 0 CCTAATCA-CAGAAA AACCTGAAGG (reverse); and GAPDH, 5 0 ATGACATCAAGAAGGT GGTG3 0 (forward) and 5 0 CATACCAGGAAATGAGCTTG3 0 (reverse). To analyze DNA sequence fidelity, PCR products were gel-extracted using a gel extraction kit (Qiagen, Germantown, MD, USA) and subcloned into PCRII plasmid using the TOPO-TA cloning system (Invitrogen), and sent to the Cornell University Life Sciences Core Laboratories Center for sequencing of inserts. All respective PCR products showed 100% fidelity with the DNA sequences listed in the National Institute of Health NCBI database.
Immunohistochemistry P8 kidneys were fixed in Bouins fixative (Sigma) at 4 1C for 6 h. For frozen sections, kidneys were cryoprotected by 30% sucrose in PBS and embedded in OCT compound. Frozen sections of 12 mm thickness were cut, rehydrated with PBS, permeabilized with 0.2% Triton X-100 in PBS for 20 min, and blocked with 1% normal donkey serum in PBS for 20 min. Rat anti-HCN3 monoclonal antibody (clone TLL6C5; Millipore, Billerica, MA, USA) was used at a concentration of 1/700 and mouse anti-smooth-muscle actin conjugated to Cy3 (Sigma) was used at 1/2200, both diluted in 1% normal donkey serum in PBS, at 37 1C for 3 h and 1 h, respectively. After five washes with PBS, the sections were incubated with Dyelight 488-conjugated goat anti-rat (Jackson ImmunoResearch, West Grove, PA, USA) at a concentration of 1/1000, diluted in 1% normal donkey serum in PBS, for 1.5 h at 37 1C. For vibratome sections kidneys were embedded in 7% lowmelting-point agarose. Vibratome sections of 80 mm were cut, permeabilized, and blocked with TSP (0.5% Triton X-100, 0.1% saponin), 1% normal donkey serum in TBS overnight at room temperature, and then at 37 1C for 3 h. HCN3 was added at a concentration of 1/700 in blocking solution for 6 h at room temperature. After washing overnight in TSP, sections were incubated with alkaline phosphatase-conjugated anti-rat (Jackson ImmunoResearch) at a concentration of 1/1200 in blocking solution for 3 h at room temperature. After washing with TSP, chromagenic detection was performed by NBT-BCIP staining as previously described. 59 
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